Mapped topographic features are important for understanding processes that sculpt the 45 Earth's surface. This paper presents maps that are the primary product of an exercise that 46 brought together 27 researchers with an interest in landform mapping wherein the efficacy 47 and causes of variation in mapping were tested using novel synthetic DEMs containing 48 drumlins. The variation between interpreters (e.g., mapping philosophy, experience) and 49 across the study region (e.g., woodland prevalence) opens these factors up to assessment. 50
Introduction 58 59
Mapping the location and distribution of topographic features on the Earth's surface has long 60 been considered an important means for developing an understanding of the processes that 61 formed them (e.g., Hollingsworth, 1931; Menard, 1959) . Ever since photography has been 62 used to survey, there has been a requirement to identify features within an image. Aerial 63 photography facilitated the holistic visualisation of features within the landscape and made 64 photo interpretation a key tool for academic study. However, it was the military exploitation of 65 aerial imagery that drove early development in its interpretation (e.g., Anonymous, 1963; 66 Colwell, 1960) , which was later mirrored in the photogrammetric literature (e.g., Thompson, 67 1966) . 68 69 It is against this cultural backdrop of image interpretation that Earth scientists developed 70 qualitative methodologies for mapping landforms; techniques initially used in aerial 71 photography (e.g., Prest et al., 1968) were transferred to satellite imagery (e.g., Punkari, 72 1980 ) and then digital elevation models (DEMs; e.g., Evans, 1972; Smith and Clark, 2005) . 73
The advent of computers and digital spatial data led to the development of algorithms for the 74 automated identification of landforms (e.g., Behn et al., 2004; Hillier and Watts, 2004; Bue 75 and Stepinski, 2006) . Some landforms offer quantitatively distinct boundaries that make their 76 identification relatively simple, for example determining flow paths for river channels using 77
DEMs (e.g., van Asselen and Seijmonsbergen, 2006) . However the boundaries of many 78 landforms are poorly defined (e.g., Fisher et al., 2004; Evans, 2012) , requiring complex 79 visual and analytical heuristics for landform identification. This has also made automated 80 identification a non-trivial task and it is only in the last decade that significant progress has 81 been made (e.g., Drăguţ and Blaschke, 2006; Hillier, 2008; Anders et al, 2011) . Even then, 82 anecdotal observation of researchers' preferences and its usage in publications suggests 83 that manual interpretation is generally still considered to be more reliable. 84
85
If manual interpretative techniques are preferred for some mapping activities it is important to 86 assess the levels of accuracy and precision that are attainable. However, this is difficult as it 87 is not possible to know a priori the actual number of features in a landscape or their 'true' 88 boundaries. It is possible to determine a control, a sub-area within a study, within which 89 interpreters map features that can later be compared with mapping completed for a whole 90 study (e.g., Smith and Clark, 2005) . Likewise, it is also possible to compare the mapping of 91 different interpreters to ascertain if there are significant differences between individuals (e.g., 92 Podwysocki et al, 1975; Siegal, 1977) . This work suggests that variation in mapping by a 93 single interpreter can be relatively low (Smith and Clark, 2005) , but that variation between 94 interpreters can be high. The absolute, as opposed to relative, accuracies however still 95 require investigation. 96
97
The purpose of geomorphological mapping is typically to produce quantitative, repeatable, 98 observations of features in the landscape, but to what extent can subjective manual 99 interpretations be reproducible? What is the achievable accuracy of subjective mapping? 100
What is the variation in accuracy and which characteristics of the interpreter and landscape 101 govern any variation? Are there any systematic biases in the mapping, and how do these 102 relate to the definition of the feature's boundary being used in practice? These are important 103 questions to understand when making inferences from data and should guide the 104 development of clear and consistent methodologies for interpretative mapping, yet their 105 investigation is difficult without a priori knowledge of landscapes and the variability between 106 both interpreters and the landforms they map. Synthetic DEMs (e.g., Hillier and Smith, 2012) , 107 on the other hand, are designed terrains within which key components are known a priori, 108 and so they have facilitated some progress on these and related questions. Specifically, 109 synthetic DEMs were used to determine an optimal semi-automated method for drumlin 110 extraction and to assess multi-resolution segmentation algorithms 111 for delimiting drumlins (Eisank et al, 2014) . In addition, a pilot study on manual mapping 112 tentatively indicated that drumlin amplitude may be the key dimension governing drumlin 113 detectability ( In order to test aspects of interpreter mapping, such as 'completeness' (defined below), it is 125 necessary to know with certainty exactly which landforms exist in a landscape and where 126 they are, but for incompletely defined landforms in a real landscape this is unknowable. 127
Thus, a sufficiently realistic DEM containing an a priori known answer is required to give 128 these absolute measures of effectiveness (see 'Results'), which traditional mapper inter-129 comparisons simply cannot provide or estimate. One way to generate this might be to use a 130 'landscape evolution model' (e.g., Chase, 1992; Braun and Sambridge, 1997) to generate an 131 artificial landscape that is both realistic and statistically comparable to a real landscape 132 including all factors such as vegetation and anthropogenic alteration, but this has not yet 133 been achieved for glacial bedforms. Hillier and Smith (2012) therefore proposed an 134 alternative hybrid method. They used an existing DEM of real terrain and inserted synthetic 135 landforms of known size and shape into it. The locations and orientations of the landforms 136 are set differently for each synthetic DEM. Synthetic DEMs created in this way make it 137 possible to assess the ability of interpreters to identify landforms in an absolute sense, 138 something that is not possible with a real landscape. Any number of synthetic variants of a 139 landscape can be produced for interpreters can map. Then, comparing and contrasting the 140 mapped outputs allows conclusions to be drawn that include quantitative error estimates 141 about properties such as absolute accuracy, variability, repeatability, and systematic biases. 142
Thus, subject to establishing the representativeness of the synthetic DEMs used in each 143 case study, this increases the number and strength of conclusions that may be drawn with 144 respect to a traditional comparative study. An experimental approach employing synthetic 145 DEMs is used here. These currently insert only one landform type (i.e., drumlins), however 146 this is sufficient to support the aims of the paper and there is no reason why more complex 147 synthetics could not be constructed in the future. 148 The population of originally mapped drumlins were parameterised in terms of their shape 184 (i.e., Gaussian) and dimensions -height (H), width (W), and length (L). These were then 185 used to generate a set of synthetic, idealised, drumlins; each mapped drumlin created one 186 synthetic drumlin, which retained the same identification number and parameter triplet (H, W, 187 L) wherever it was placed. Visually selected median filters (see Hillier and Smith, 2014) were 188 used to quantify and remove the original drumlins. The synthetic features were then 189 randomly inserted in a non-overlapping fashion back into the DEM, which also preserved 190 their spatial density and the distribution of their orientations. These measures are sufficient 191 to ensure that errors associated with recovery of H, L and W are the same in the synthetics 192 as the original landscape, at least for semi-automated techniques (Hillier and Smith, 2012). 193 This, combined with the use of a real DEM, ensured that the synthetics were statistically 194 representative of the real landscape. Full details of the procedure are outlined in Hillier and 195 Smith (2012) . It was intended that drumlin-shaped landforms were equally as difficult to find 196 in the synthetics as they are in reality. The perfect Gaussian shape of the synthetics and their 197 ability to cut across landscape features in an unnatural way may tend to act to make them 198 easier to identify. Conversely, their lack of alignment with each other may make them more 199 difficult to find than natural drumlins. The lack of local parallel alignment was highlighted as 200 a disadvantage during the workshop. As a result, five additional DEMs were created wherein 201 drumlins were aligned perpendicular to the original flow field, which also avoids confusion 202 with any incompletely removed glacial texture in the DEM. If anything, these synthetic DEMs 203
including parallel alignment represent a limiting best case for drumlin detection. None of the 204 synthetics used include parabolic, ovoid or crosscutting drumlins (e.g., Rose and Letzer, 205 1977; Shaw, 1983; Shaw and Kavill, 1989; Hillier and Smith, 2008; Boyce and Eyles, 1991; 206 MacLachlan and Eyles, 2013), which could complicate mapping. 207 208
Study Area 209 210
This work used the same study area as Hillier and Smith (2012) (Fig. 1a ), which has been 211 mapped in detail by other researchers studying the glacial geomorphology of the region (e.g., 212 Letzer, 1975, 1977 footprints (e.g., Chorley, 1959; Reed, 1962) . The drumlins mark the presence of flowing ice 218 during these time periods, broadly west to east during the LGM and north to south during the 219 YD. Drumlin dimensions are broadly comparable to those of other drumlins in the UK (Hillier 220 and Smith, 2014). The study area is similar to many previously glaciated regions of the UK in 221 that it contains topographic complexity in the form of regional relief (e.g., hills; Hillier and 222 ) and non-glacial anthropogenic 'clutter' (e.g., trees, houses; Sithole and 223 Vosselman, 2004), which vary in their amplitude and spatial density, respectively; it is 224 intended that these variations across the study area will allow their impacts upon mapping to 225 be isolated. Interpreters were requested to prepare the DEMs for mapping using their software of choice 246 and whilst there was an assumption that relief shading, gradient and curvature (Smith and 247 Clark, 2005 ) may be prominent visualisation techniques, they were not restricted in the use 248 of any particular manipulation. In order to generate a statistically significant number of results 249 interpreters were requested to map: 250
• drumlin outlines for each DEM using their preferred or 'best' visualisation 251
• separate sets of outlines individually using each of the relief shaded, gradient and 252 curvature visualisation for two randomly selected DEMs 253
• mapping of drumlin ridge crests and high points for two randomly selected DEMs 254 using their 'best' method. The five main synthetic DEMs were mapped by 25 interpreters giving a total of 21,625 268 drumlins to be identified by the group. 12,121 outlines were mapped in interpreters' preferred 269 visualisations, 8,667 of which were coincident with the original synthetic drumlins. Table 1  270 presents an error matrix in the standard format used in remote sensing (e.g., Lillesand et al, 271 2008) reporting these results. For accessibility, the equivalent terminology from information 272 retrieval theory is also given (e.g., Manning et al, 2008) . The matrix shows that whilst the 273 'overall accuracy' is relatively low (8667/25,079) at 34%, the producer's accuracy, 'reliability' 274 or 'precision' (8,667/12,121) is relatively high at 72% (i.e., few false positives). This reflects 275 the conservative number of drumlins generally mapped, but the high confidence in their 276 accuracy. As a result, the user's accuracy, 'completeness', or 'recall' is also relatively low at 277 40% (8,667/21,625). Figure 2 shows the number of drumlins mapped by individual 278 interpreters across all five DEMs; there is some variability in the totals mapped which is likely 279 dependent upon the visualisation method and mapping philosophy employed by the 280 individual. However, the number of correct drumlins is much more stable, typically between 281 300 and 500 landforms with a mean of 347 and standard deviation of 97. 282
283
To supplement the main mapping, 12 interpreters mapped one of four additional synthetic 284 DEMs containing parallel alignment, a total of 2076 drumlins. Fig. 2 shows numbers scaled 285 (x5) to allow comparison with the main mapping. The number of correctly mapped drumlins 286 likely increases a little (t-test, unequal variance, p=0.11) for these DEMs to 402 with a 287 standard deviation of 82, with the variability likely arising for similar reasons to that in maps 288 1-5. The increase in correctly mapped drumlins is driven by a moderately sized but notable 289 increase in 'reliability' (885/1028) to 86%, leaving 'completeness' (885/2076) at the slightly 290 raised level of 43% and 'overall accuracy' (885/2219) up to 40%, both still relatively low. 291
Thus, mappers are able to make some use of parallel alignment although perhaps less than 292 expected from the strength of feeling about this at the workshop. Idealised drumlin shapes 293 combined with parallel alignment, especially when using a necessarily smoothed (2 km mean 294 filter) flow field, arguably represents a best case scenario for detection. 295 296 in the synthetics. This was known to the mappers. 578 579
